As bstract. Experiments were designed to determine whether the stimulatory effect of aldosterone on sodium transport involves an increase in tissue ATP. Urinary bladders that were removed from toads presoaked in 0.6% saline for 48-72 h, mounted as sacs, and maintained in open circuit except for briefobservation ofshort circuit current every 30 min responded to 100 nM aldosterone added to the serosal bath with an increase in short circuit current to 170% of control hemibladders, which plateaus at 2-3 h. Tissue (ATP)/(ADP) X (Pi) measured in perchloric acid extracts increased to a maximum of 208% of controls (P < 0.001) and ATP increased to 1 16% of controls (P < 0.01) at 180 min. The short circuit current response to aldosterone paralleled the increase in ATP and (ATP)/(ADP) X (Pi) measured at 75, 120, 180, and 240 min. In bladders clamped at -150 mV, the short circuit current response to aldosterone was greater: 280% of controls (P < 0.001) and tissue (ATP)/(ADP) X (Pi) increased to 191% of controls (P < 0.001). In continuously short circuited bladders and bladders clamped at +75 mV, the short circuit current response to aldosterone and the change in ATP, ADP, or Pi were markedly diminished. 100 ,uM amiloride added to mucosal bath decreased the short circuit current to zero and inhibited the short circuit current response to aldosterone, whereas tissue ATP increased to 141% (P < 0.05). 100, 250, and Receivedfor publication 26 May 1983 and in revisedform 29 September 1983. 500 ,uM NaCN dropped the short circuit current to 59, 35 , and 24% of control values, respectively. Concurrently, tissue ATP measured at 60 min after the addition of NaCN dropped to 79, 66, and 56% of control values, respectively, and tissue ATP/ADP dropped to 68, 50, and 40%, respectively. The data revealed significant correlation between the change in the rate of sodium transport produced by aldosterone or NaCN as measured by the short circuit current and the concentration of ATP (r = 0.96, P < 0.001), as well as ATP/ADP (r = 0.95, P < 0.001).
In conclusion, these results support the view that the stimulatory effects of aldosterone on sodium transport involve an increase in ATP or (ATP)/(ADP) X (Pi).
Introduction
Aldosterone stimulates sodium transport across a variety of epithelial membranes including the toad bladder (1) . The response requires protein synthesis and appears to be mediated by aldosterone-induced proteins (AIP)' (2) (3) (4) (5) . The mechanism by which AIP facilitates sodium transport is not well understood. AIP may increase the permeability of the mucosal membrane to sodium, thereby indirectly facilitating the extrusion of sodium at the serosal surface of the epithelial cell (permease hypothesis) (6) (7) (8) . The observed rise in intracellular sodium concentration (6, 7) and the fall in transepithelial electrical resistance (8) are consistent with the permease hypothesis. However, Lipton and Edelman (9) showed no change in intracellular sodium concentration in response to aldosterone. Goodman et al. (10) found that aldosterone potentiated the subsequent effect of vasopressin on sodium transport in the absence of aerobic metabolism and oxidative phosphorylation. They proposed that aldosterone stimulates sodium transport by increasing the activity and/or the number of Na-K pumps. However, in vitro measurement of Na-K-ATPase in toad bladders that responded to aldosterone did not show a change in maximum velocity (Vmax) or in Michaelis constant (Km.) for sodium and ATP (1 1, 12) . AT32P (e) sodium-dependent binding to mucosal homogenates of the toad bladder also failed to respond to aldosterone (13) . Experiments in which tricarboxylic acid (TCA) cycle intermediates and inhibitors of mitochondrial NADH dehydrogenase were added to substrate-depleted bladders suggested that aldosterone-induced ATP generation underlies the mechanism of aldosterone action (13) (14) (15) (16) .
Aldosterone increased the activity of several TCA cycle enzymes, notably citrate synthase activity in toad bladder (17) , accompanied by an increase in NADH/NAD' ratio with a time course parallel to the change in urinary Na+/K' (18, 19 In the open circuit mode, the response to short circuit current followed the same pattern as the response at -150 mV, but the peak value was significantly lower, with (SCCte/SCCoe)/(SCCtc/ SCCoc) ratio of 1.72±0.008 (P < 0.01); and (PDte/PDoe)/(PDtc/ PDoc) ratio of 1.20±0.03 (P < 0.01).
The response was markedly diminished and not significant up to 180 min for either short circuit current or PD when bladders were clamped at 0 or +75 mV ( Figs. 1 and 2 ).
In bladders kept at their spontaneous PD, (ATP)/(ADP) X (Pi) was observed to increase to 138% of controls at 75 min (P < 0.05) reaching 208% of controls at 180 min (P < 0.001) and then declined to 142% of controls at 240 min (Fig. 3) . ATP increased while ADP and Pi decreased as shown in Table I. ATP/ADP increased to 113, 123, 143, and 129% of controls at 75, 120, 180, and 240 min, respectively. The various changes of the phosphate compound levels under conditions of different clamped potentials at 180 min after the addition of aldosterone are shown in Table II . The hemibladders clamped at -150 mV had significant increase in the ATP as well as (ATP)/(ADP) X (Pi) (Fig. 4) in the aldosterone treated as compared with the control hemibladders with a mean percentage increase to 117% of controls for ATP (P < 0.01) and 191% of controls for (ATP)/ (ADP) X (Pi) (P < 0.001).
In bladders kept in open circuit or clamped at their spontaneous PD, similar but smaller changes were seen. In depolarized and reversed polarized bladders, no significant changes were seen (Table II and Fig. 4) .
The short circuit current decreased to 10% after the addition of 100 ,uM amiloride to the mucosal bath. There was no change and clamped at +75 mV (-) (n = 6); mean±SEM.
The increase in short circuit current after aldosterone administration was observed at 75 min and reached a peak level at 180 min in open circuit bladders. The increase was correlated with changes in ATP and (ATP)/(ADP) X (Pi). In bladders clamped at -150 mV, the magnitude of the change in the nucleotide levels and short circuit current in response to aldosterone was more than in open circuit bladders at 180 min, whereas the changes in nucleotide levels and short circuit current in response to aldosterone were markedly diminished at 0 and +75 mV and not significant up to 180 min. This may seem at variance with results of other investigators (29, 30 polarization going from 0.14 PA/mg at -150 mV to 2.66 gA/ mg at +75 mV (24). Furthermore, depolarization increased the "transport pool" of sodium defined as the quantity of sodium within the epithelium labeled by radioactive sodium from the mucosal medium (33) . Toad bladder epithelial cell swelling indicating increased cellular sodium was observed when the potential was reversed to +50 mV (34). All the above evidence indicates that the rate of transport is increased by depolarization, which would imply that the rate of ATP hydrolysis required for such transport would also increase, and this implication is strongly supported by the observation that oxygen consumption is also increased by depolarization (35 In the present study, NaCN reduced ATP and ATP/ADP of bladders in open circuit. This correlated with a proportional decrease in short circuit current. Such a proportional correlation occurred irrespective of whether the ATP and ATP/ADP was increased by aldosterone or decreased by different concentrations of NaCN (Figs. 7 and 8 ). Prednisolone had no effect on sodium transport nor on the adenine nucleotide levels. Amiloride, known to inhibit sodium entry at the apical membrane, was associated with larger increase in ATP in response to aldosterone. These results demonstrate clearly that there is some relationship between the total cellular ATP level or the cellular ATP/ADP ratio and the rate ofsodium transport: When cyanide is present, they both decline; when aldosterone is present, they both increase. The exact definition of the mechanism responsible for this relationship will not be possible until more is known about the intracellular distribution and binding of the nucleotides. The finding that much of intracellular ADP may be in a bound form, not readily available for reaction (36) , might also apply to ATP to some degree, and the fact that the cellular ATP concentration greatly exceeds the reported Km for the transport ATP-ase system implies that any dependence of the system on the ATP level results from some kind of compartmentalization. Saito et al. (37) , approaching this question through the formalism of linear nonequilibrium thermodynamics and using the formula A = -short circuit current/(Jr/dPD), where A is the affinity ofthe metabolic reaction that is equivalent to the negative Gibbs free energy change -(AG) llME~mlntes) Figure 6 . Potential difference response to NaCN 100 gM (0) (n = 6), 250 1zM (0) (n = 6), and 500 zM (A) (n = 6) in time. The points represent the mean±SEM.
and Jr is the rate of oxygen consumption, found that A increased 2.5-fold after aldosterone. A further increase of 50% above control level was obtained after amiloride. Our results using a biochemical approach confirm both these changes. The dependence ofoxygen consumption on PD, which was abolished by ouabain in the presence or absence of aldosterone reflects that the changes are a function of the active transport system rather than those of other aspects of tissue metabolism (37) . Deweer (38) proposed that a change in ATP/ADP produced by a decrease in ADP will favor Na-K exchange through the pump in preference to Na-Na exchange. Park and Edelman (39) showed that aldosterone irrespective of sodium concentration increased the inhibition constant Ki for amiloride but decreased the K, for ouabain.
Since the response of sodium transport to a gradual increase in mucosal sodium concentrations was enhanced by aldosterone while Na-K-ATPase remained constant (12, 13) they concluded that an increase in ATP through a variety of mechanisms that involve phosphorylation was responsible for the change in perATie Figure 7 . Short circuit current ratio (mean±SEM) as a function of change in (ATPe/ATPc) (mean±SEM), following 100 nM aldosterone at 180 min (L) (n = 15), 240 min (L) (n = 10), 120 min (A) (n = 11), 75 min (A) (n = 6), and 150 min (*) (n = 6); following diluent (control) (0) (n = 5); following NaCN 100 ,uM (U) (n = 6), 250 AM (O) (n = 6), and 500 ,M (0) (n = 6). The NaCN and 150 min aldosterone experiments were done in a different batch of toads 12-18 mo later. The 150 min aldosterone experiments had prednisolone as control. r = 0.96, P < 0.001. Recently, Palmer et al. (40) , using the technique of nearinstantaneous current voltage relationships (41, 42) , extended this observation and showed that aldosterone, after AIP synthesis, produced an ATP-dependent recruitment ofpreexisting sodium channels into the apical membrane. The Km of this process for ATP is not determined and may be high, which makes the assumption of compartmentalization unnecessary. Despite these uncertainties, some deductions may be made from the fact that changes in ATP and ATP/ADP produced by NaCN or aldosterone correlated with changes in the rate of transport. First, the action of cyanide is well known. It inhibits respiration directly and thereby slows the rate of ATP generation, which effect is obvious from the decline in the measured ATP. The correlated decline in sodium transport demonstrates that cyanide is resulting in decreased ATP availability to the transport system, whatever the mechanism. A primary inhibition of the transport system by cyanide would cause the opposite effect, i.e., an increase in ATP as is shown in amiloride-treated bladders. Second, the action ofaldosterone is not well known, but its general effect may be deduced, since it does not only increase both ATP and transport, it increases them in a ratio which is precisely related to the decrease caused by cyanide (Figs. 7 and 8 ). This implies that aldosterone is doing the reverse, namely increasing the distribution of ATP to the transport system. Again, a primary effect of aldosterone on the transport system would have been reflected by decrease in ATP resulting from a stimulated hydrolysis.
It is apparent that we are dealing here with effects mediated through the energy-supplying side of the cycle, and that the transporting side of the cycle is responding passively. Effects mediated through the transporting side, brought about by directly manipulating the rate of transport with variation in the ionic gradients have been extensively analyzed (43) and not unexpectedly show the opposite kind of correlation with nucleotide levels. Thus, a primary stimulation of transport will decrease the -AGATP by accelerating hydrolysis of ATP, where as an inhibition of generation would also decrease -AGATP but would inhibit transport.
To summarize our views, which are admittedly speculative, we believe that the primary effect of aldosterone is on ATP generation, leading to increased utilization. An increase in steady state ATP levels in association with this change can only be observed when the pump is "idling" or nearly so, i.e., when flux through the pump pathway is low or nil, because utilization keeps pace with generation when flux is high. Amiloride, by contrast, uncouples ATP generation from ATP utilization, thereby leading to a higher steady state level of ATP. Cyanide primarily reduces ATP generation, which secondarily reduces transport. The slope of these decrements (Fig. 8) is the same as the slope of the aldosterone-induced increments.
In conclusion, these results support the view that the stimulatory effects of aldosterone on sodium transport involve an increase in ATP and/or (ATP)/(ADP) X (Pi). The mechanisms involved are still under investigation.
